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Environmental conditions research objectives:

The rapid increase in global cases of COVID-19 illness and death requires the implementation of appropriate and
efficient engineering controls to improve indoor air quality. This paper focuses on the use of the ultraviolet
germicidal irradiation (UVGI) air purification technology in HVAC ducts, which is particularly applicable to
buildings where fully shutting down air recirculation is not feasible. Given the poor understanding of the in-duct
UVGI system regarding its working mechanisms, designs, and applications, this review has the following key

o Identifying the critical parameters for designing a UVGI system, including the characterization of
lamp output, behavior of the target microbial UV dose-response, and evaluation of the inactivation
performance and energy consumption.

e Elucidating the effects of environmental factors (air velocity, air temperature, and humidity) on the
UVGI system design parameters and optimization of the in-duct UVGI design.

e Summarizing existing UVGI system designs in the literature and illustrating their germicidal and
energy performance in light of COVID-19 mitigation.

1. Introduction

The coronavirus disease (COVID-19) pandemic, caused by the severe
acute respiratory syndrome coronavirus-2 (SARS-CoV-2), has been
global, with over 1.73 million deaths as of December 24, 2020. As a
highly contagious human coronavirus, SARS-CoV-2 is mainly trans-
mitted through droplet, contact, and airborne modalities. The short-
range droplet-based (large droplets deposited on a surface within 1-2
m) and contact transmission routes have been well recognized and
adequate precautions have been implemented, including maintaining a
physical distance and washing hands frequently. However, the long-
range transmission route in bioaerosols is gaining attention, and miti-
gating the spread via this route is the most challenging [1-6]. Engi-
neering controls are suggested to introduce fresh outdoor air into the
indoor environment, thus preventing airborne contaminant trans-
mission through HVAC systems [7]. However, entirely shutting down
recirculation is not feasible in most systems because of the extensive
energy consumption required and limited heating/cooling capacities to
provide a comfortable indoor environment. Thus, practical
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recommendations include maximum outdoor air intake and the appli-
cation of filtering or ultraviolet germicidal irradiation (UVGI) to remove
or inactivate potential viral contaminations are proposed [8]. The UVGI
system is an effective virus inactivation method that uses short-wave
ultraviolet energy (UVC, 200-280 nm) to disinfect viral, bacterial, and
fungal organisms by forming photodimers in nucleic acids (DNA and
RNA), thus preventing both transcription and replication [9,10]. It has
already been recognized and recommended for efficient bioaerosol
elimination in HVAC systems [11,12], which account for approximately
27% of the UVGI market [13]. As for the application scenarios, it is
reported that its primary installations are in healthcare facilities (60%),
whereas office, school, public, and residential buildings account for less
than 3% of installations, even though these are major infection locations
of contagious respiratory diseases [14,15]. In addition, massive growth
in the UV disinfection equipment market is anticipated in the next five
years (from USD 4.8 billion to USD 9.2 billion) as a result of the
COVID-19 combat [16].

However, the design and optimization of in-duct UVGI systems are
poorly understood owing to the limited knowledge of the UV lamp
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output characterization, microbial UV dose-response behavior, inacti-
vation performance in practice, and energy consumption evaluations of
UVGI systems. Thus, this paper provides in-depth discussions on the
UVGI system fundamentals and performance evaluations. This paper
will contribute to our understanding of the mechanisms of the UVGI air
purification technology and in-duct UVGI system design and predict its
role in the mitigation of COVID-19 transmission.

2. UVGI fundamentals

UVGI uses short-wave ultraviolet energy (UVC) to inactivate viral,
bacterial, and fungal organisms, making them unable to replicate
themselves and spread diseases. The disinfection performance is
commonly quantified as the single-pass inactivation efficacy:

n=1—e P =1 _ ¢ (@)

where k is the species-dependent microorganism UV rate constant (m?2/
J), Dyy is the UV dose (J/m?) delivers to the microorganisms, I is the
irradiance (W/mz), and t is the exposure time (s). The UV dose appears
quite simple. However, its application can be complicated (e.g., when
calculating the dose received by a microorganism following a tortuous
path through a device with spatial variations in irradiance). Further on,
three operational factors (air velocity, temperature and relative hu-
midity) are identified critically affecting the in-duct UVGI performance
[17-20].

2.1. Germicidal sources

2.1.1. Mercury based UV lamp (low-pressure mercury UV lamp)

Mercury-based UV lamps, which are filled with mercury and a
starting gas (typically argon), have a long history in UVGI devices. The
commonly used low-pressure mercury germicidal UV lamp has a peak
irradiance at 253.7 nm (more than 90% radiative emissions [21]), which
is close to the peak germicidal effectiveness wavelength of 265 nm and
out of the ozone producing region (<240 nm) [10]. Furthermore, to
eliminate ozone generation thoroughly, a soft glass coating is used to
filter out the ozone-forming irradiance (185 nm here) and avoid po-
tential ozone hazards in air [22]. The lamp output is another critical
design parameter in a UVGI system. Its output is determined by the
coldest spot on the lamp surface, which controls the mercury vapor
pressure of the lamp. For instance, Philips mercury lamps have optimum
UV emitting efficiency (100%) when the bulb wall temperature reaches
approximately 40 °C and only 20% and 58% efficiency when the lamp
surface temperature is 10 °C and 80 °C, respectively [22]. The temper-
ature dependency leads to concerns for the in-duct UVGI apparatus, as
the heat transfer between the lamp and the ambient airflow strongly
affects the lamp surface temperature and the lamp output, which is
commonly called the “wind-chill” phenomenon. Thus, it is critical to
identify the relationship between the HVAC operating conditions and
the UV lamp working efficiency (lamp surface temperature). A previous
study (Study 1 [23]) introduced empirical correlations of lamp output
for three types of low-pressure mercury lamps under common HVAC
operating conditions (air temperature: 5-35 °C; air velocity: 0.5-4 m/s).
Three lamps, namely, cylindrical hot cathode (type 1), twin-tube hot
cathode (type 2), and cylindrical cold cathode (type 3), were placed in
the duct, both cross-facing and parallel-facing the airflow. The correla-
tions successfully predicted the lamp output under different air velocity
and temperature conditions, where insufficient (low air velocity and
high air temperature) or excess (high air velocity and low air tempera-
ture) convective heat transfer between the UV lamp and duct airflow
results in overheating or overcooling of the lamp, thus lowering its
output.

Although the empirical correlations between the lamp outputs and
operating conditions of the three types of UV lamps were obtained,
extending the conclusions to other lamps (different lamp powers,
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dimensions, etc.) and flow conditions remains problematic. This paper
gathers three peer-reviewed papers to examine their applicability and
introduces a universal method for correlating lamp performance with
operating conditions and lamp characteristics. The reported lamp per-
formances are organized in Supplementary Material Table S1, catego-
rized by lamp models (type 1 and type 2) and flow characteristics (mixed
convection with Richardson number between 0.1 and 10 and forced
convection with Richardson number smaller than 0.1). Owing to the
different irradiance-measuring locations in the duct, the reported irra-
diance is not directly comparable. However, discrepancies in the varying
trends were observed. For instance, in Studies 1 [23] and 2 [24], where
the air temperature increases from 15.5, 20.5-25.5 °C under U = 3 m/s,
an increasing and then decreasing lamp irradiance was observed in
Study 2 [24], which contradicts the mono-increasing trend observed in
Study 1 [23]. For the type 1 lamp, both Studies 1 [23] and 3 [25] re-
ported mono-increasing lamp irradiance with the air temperature
varying from 15.5 to 30 °C at U = 3 m/s. Thus, blindly applying
case-specific conclusions to broader application scenarios can cause
unpredicted discrepancies.

To generalize the correlation between different lamp characteristics
and wind-chill effects (i.e., different lamp diameters, lengths, and
working powers), this review introduces the concept of the “ratio of
convective heat dissipation to radiative heat dissipation” to the heat
transfer analytical model in Study 1 [23]. The dimensionless ratio r is
written as follows:

Qcam‘
y=——

2
Oraa @

where Qcony and Q,,q are the lamp’s convective and radiative heat losses,
which are calculated by:
Nu-k
Qv(mv = 7A(Tx - Tamh)
D 3
Orua = €Ac[(T, + 273)" — (Tums +273)"]

Nu is the Nusselt number, which has different forms for different
flow regimes and lamp shapes. For a cylindrical UV lamp (type 1), the
Nusselt numbers of natural and forced convection [23,26,27] are given
as:

Nuy; =0.47(Pr-Gr)'/* (4a)
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For the twin-tubes UV lamp (type 2), the Nusselt numbers for the
natural and forced convections were approximated by the correlation for
an ellipse [23,28] as:

1.

NMNZ = L (4C)
In (1 + 08971("83?((1//4)

Nu =0.27Pr*3"Re*® (4d)

Based on natural and forced convection, the Nusselt numbers for the
mixed convection are obtained by introducing the “effective Reynolds
number” (Regsr), which is calculated as the geometric mean of the
imaginary Reynolds number (Re;) for natural convection and real duct
Re [23]:
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With the Nusselt number known, implementing Eq. (3) — (4) into Eq. (2),
we have:

 Nuk-A(T, — Tos)
Dde

The ratio contains the characteristics of both the lamps and duct
airflow field; thus, it is expected that the three studies are comparable
using the dimensionless parameter r. To find 1, it is critical to determine
the lamp surface temperature because different operational conditions
and lamps result in different surface temperatures. The lamp surface
temperature T can be calculated using:

)

Q1o = Power input — UVC output = Q. cony + Qraa V b* — dac

Nu-k 4 4 ©)
= AT = Tuw) + eAc[(T, +273)" — (Tums + 273)"]

where Qqotq is the total heat dissipated by the lamp, which equals the
input power minus the fraction of input emitted as UVC and other non-
thermal radiation. With Qa1 (provided by the manufacturer’s technical
data) and the operating conditions known, the corresponding lamp
surface temperature can be calculated. Further, by implementing it back
into Eq. (5), the convective heat loss ratio was calculated, as illustrated
in Fig. 1.

The lamp surface temperature varies significantly with different
lamp characteristics (lamp length, diameter, power input, and UVC
output), resulting in lamp output variation, which implies that empirical
correlations cannot predict the correct lamp output for other studies.
However, the convective heat loss ratio r remains constant among
different studies under the same operating conditions (variations from
0.03% to 7.04%). This result is reasonable, as the ratio r is a dimen-
sionless parameter that incorporates the lamp shape and working power.
Furthermore, the ratio r is much larger for a lamp operating under forced
convection (Fig. 1b and c¢) than for that under mixed convection
(Fig. 1a), which indicates stronger convective heat transfer. This
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Fig. 1. Predicted lamp surface temperature and convective heat loss ratio
r for (a) mixed convection (U = 0.31 m/s) with lamp type 1; (b) forced
convection (U = 2.5 m/s) with lamp type 1; (c) forced convection (U = 3
m/s) with lamp type 2.
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observation is confirmed by the higher lamp surface temperature in
Fig. 1a, which shows that overheating is an issue for mixed convection,
whereas the wind-chill effects are dominant for forced convection
(Fig. 1b and c). However, uncertainty may arise when applying the r
method correlating lamps from different manufacturers, as the r differ-
ence in Fig. 1a and b (one lamp from Philips and one lamp from Steril-
Aire) is higher than that in Fig. 1¢ (both lamps are from Philips). Overall,
it is promising to bridge the performance of the same type of UV lamps
by the ratio r. In other words, for each type of UV lamp, once the
convective heat loss ratio r under different operating conditions is
experimentally or numerically determined, variations in lamp charac-
teristics (diameter, length, and power) can easily be converted to the
new T using Eq. (5). Thus, the corresponding performance of each type
of lamp can be estimated using the manufacturer’s technical data. To
examine this hypothesis, the lamp surface temperature and lamp output
curve of Studies 2 (type 2) [24] and 3 (type 1) [25] using the r method (r
obtained from Study 1 [23]) are computed and plotted below.

The predicted trends in Fig. 2 agree well with the measured irradi-
ance variations in Studies 2 [24] and 3 [25]: the irradiance decreases
with increasing ambient temperature in Study 3 [25] for mixed con-
vection (over-heating); the irradiance increases with increasing ambient
temperature in Study 3 [25] for forced convection (over-cooling); the
irradiance increases and then decreases with increasing ambient tem-
perature in Study 2 [24] for forced convection. However, because of the
lack of exact data on lamp output and lamp surface temperature from
these two studies, only the trends are compared here, which qualita-
tively illustrates the applicability of the r method. Further studies are
required to measure the lamp surface temperature accurately and
examine the r method quantitatively. Finally, it should be noted that the
aging and soiling effects of lamps are critical factors that attenuate lamp
performance. However, these long-term effects are beyond the scope of
most UVGI studies. Thus, in addition to the specifically documented
burn-in period in some papers (100 h in Study 1 [23] and EPA studies
[29-36]), most results of lamp performance, UV rate constants, and
energy consumption were based on the new installations only.

2.1.2. UVC-LED lamp

Despite the extensive use of conventional mercury-type UVC devices,
they have disadvantages: the short lifespan and frequent replacement
(4000-10000 h), large size light fixture, uncertain lamp surface tem-
perature, a requirement of warm-up time (about 5 min), and mercury as
a toxic environmental contaminant [37,38]. Thus, UVC light-emitting
diodes (LEDs) are alternative materials to replace conventional
mercury-containing UV lamps, UVC-LEDs can produce UV light in
different wavelengths compare to the peak irradiation (254 nm) pro-
duced by the conventional mercury-based UV lamps. The summary of
the limited UV-LED systems eliminating airborne microorganisms in
literature is presented in Supplementary Material Table S2. For bacteria,
all the data report higher UV rate constants in the UV-LED system than
those in the conventional mercury-type UVGI system, whereas for two
viruses (bacteriophages MS2 and ®X174), opposite trends are found.
This variation is attributed to the different wavelengths in the two sys-
tems. The radiation peaks at 270.8 nm [37,39] and 280 nm [40] for the
LEDs compare to the 253.7 nm for the conventional mercury-type UV
lamps. For bacteria, DNA destruction is the primary reason for inacti-
vation, and the DNA of most microorganisms has a peak absorption
between 260 nm and 270 nm [41]. Thus, one expects that the bacteria
show higher UV rate constants within a 271 nm UV-LED system [37,39].
Moreover, 254 nm and 280 nm fall away from the peak UV absorption
spectrum. Thus, small differences are observed for these two wave-
lengths (Supplementary Material Table S2) [41]. As for the bacterio-
phage, previous research shows that the loss of MS2 viral infectivity is
mainly due to RNA damage [42]. The spectral sensitivity of the MS2
RNA shows lower UV absorbance and viral infectivity at 280 nm than at
254 nm [9], which agrees with the reported lower UV rate constants of
MS2 and ®X174 for the UV-LED system.
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Fig. 2. Predicted lamp surface temperature and lamp output using r method (a) Study 3 [25] mixed convection (b) Study 3 [25] forced convection (c)

Study 2 [24] forced convection.

In the future, it is expected that by adjusting the LED peak emitting
radiation at 260-270 nm, a higher UV rate constant can be obtained
owing to higher UV absorption. At present, UV-LED based in-duct air
disinfection systems exist in the prototype stage only, mainly due to
limited LED output power. With the development and production of the
higher output LEDs, it is expected that UV-LED devices will take a
substantial share of the present market, which is occupied by traditional
vapor discharge lamps.

2.2. UV rate constants

The UV rate constant k is a species-dependent property of microor-
ganisms that correlates the inactivation efficiency with the UV dose.
Several studies have summarized the UV rate constants of different
bacteria, viruses, and fungi, for which a comprehensive UV rate constant
database was established [10]. However, most of the collected data are
water solution-based. In general, the susceptibility of airborne microbes
to UV is much greater than that of microbes in suspensions or films on
the surface of agar plates. The reasons are as follows: 1) the UV ab-
sorptivity of water has an impact; 2) more turbulence and diffusion in air
than in water results in more evenly exposed microorganisms; 3) the
aerosolization process reduces the microbial survival potential through
physical damage; and 4) the oxygenation in air contributes to the
increased vulnerability [10]. Consequently, directly applying the UV
rate constant from the database underestimates the UVGI system per-
formance in aerosol-based in-duct applications. Thus, to provide insights
into the UV rate constants of airborne microorganisms, this paper
summarizes the airborne UV rate constants of several human respiratory
viruses and surrogates in the literature and tabulates them in Supple-
mentary Material Table S3.

Bacteriophages as surrogates account for most of the investigations
due to the low risk and similar size to the real viruses. There is no sig-
nificant difference between the UV inactivation rate constants of phages
and animal viruses. Thus, it is reasonable to use phages as substitutes for
animal viruses in inactivation experiments. In Supplementary Material
Table $3, most viruses show UV rate constants on the order of 0.1 m?/J.
Among the viruses, RH is found to have a mixed influence on UV
sensitivity. Most of them experience lower UV rate constant under
higher humidity, while some show a small increase in UV rate constant
with increasing RH (i.e., MS2 and Adenovirus). No general explanation
has emerged, but some studies interpret the results owing to the for-
mation of a bound water layer that absorbs UV and increases UV light
scattering [10]. However, it should be noted that viruses do not appear
to respond significantly to relative humidity variations compared to the
species differences.

Targeting the COVID-19 mitigation, UVGI has been recommended as
an effective method for eliminating airborne SARS-CoV-2 during air

recirculation [7]. Thus, the UVGI studies challenged by coronaviruses
are summarized in Table 1, providing insights for SARS-CoV-2
applications.

SARS-CoV and SARS-CoV-2 have the same UV dose-response char-
acteristics as they are phylogenetically related, and both belong to the
Sarbecivirus subgenus [58,59]. In addition, the phylogenetic tree anal-
ysis showed that SARS-CoV-2 and SARS-CoV belong to different clades
(Clade I, cluster Ila, and IIb) compared with MERS-CoV (Merbecovirus,
Clade II) [58,60-62], which elucidates the difference in the UV rate
constant between SARS-CoV/SARS-CoV-2 and MERS-CoV. However, it
should be noted that most studies were conducted on a liquid-well plate,
and their UV rate constants were at least one order of magnitude smaller
than those in aerosols, which agrees with the previous finding that the
effect of UV absorption is much more significant in water than in air
[10]. Therefore, directly applying the UV rate constant extracted from
Table 1 will underestimate the UVGI performance (lower UV rate con-
stant of microbes in water than in aerosols). To convert available labo-
ratory data from the liquid phase to the aerosol phase, some studies
introduced a species-dependent concept of “UV rate constant ratio of

Table 1
UV rate constants for coronavirus.

Phase Coronavirus Paper  k (m2/J) Dgg (J/m2)
type
Liquid well SARS-CoV-2 [43] 0.0611 37.7
plate [44] 0.0025 921.1
[45] 0.0188 122.5
[46] 0.0370 62.2
SARS-CoV [471] 0.0181 127.3
[48] 0.0575 40.1
[49] 0.0008 2878.3
[50] 0.0002 11599.9
[51] 0.0111 (no 207.5 (no
soiling agent) soiling agent)
0.0091 (Mucin) 253.1 (Mucin)
0.0099 (Sebum) 232.6 (Sebum)
[52] 0.0093 247.6
MERS-CoV [53] 0.0094 2449
[51] 0.0104 (no 221.4 (no
soiling agent) soiling agent)
0.0089 (Mucin) 258.8 (Mucin)
0.0093 (Sebum) 247.6 (Sebum)
MHV [54] 0.0266 (MHV 2) 86.7
coronavirus 0.0190 (MHV N) 121.0
[55] 0.0224 102.8
Aerosol Human [56] 0.41 (HCoV- 5.6 (HCoV-
Coronavirus 229E) 229E)
0.59 (HCoV- 3.9 (HCoV-
0C43) 0C43)
MHV [57] 0.377 6.1

coronavirus
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aerosol and liquid” to correlate the UV rate constant of a group of the
same types of viruses in different phases [57,63]. Using this methodol-
ogy, researchers estimated that the UV rate constant of the coronavirus
in air is 1.8-6.0 times higher than that in liquid [63]. However, the
estimation was made inter-species between the murine hepatitis virus
(MHV) in air and SARS-CoV-2 in liquid, which requires further valida-
tion. Thus, this paper deduces the k value of SARS-CoV-2 in air using the
UV rate constant ratio calculated only from the MHV coronavirus (in air
and liquid). The MHV was chosen as the bridge for estimating the k ratio
of SARS-CoV-2 because they belong to the same genus with structural
and morphological similarities [64]. Moreover, it has been reported that
the MHV can be used as a surrogate for SARS-CoV-2 and other human
CoVs because of the similar decay and recovery rates from persistence
studies in wastewaters [65,66]. Furthermore, it has been successfully
used as a surrogate for SARS-CoV viral aerosols in a chamber for UVGI
studies [57]. Therefore, without any known UV rate constants of
SARS-CoV or SARS-CoV-2, the MHV can be used to provide the k ratio of
air/water and estimate the CoV family’s UV rate constants in the aerosol
phase. Accordingly, we have the average k value of the MHV in liquid
and air as 0.0227 m2/J and 0.377 m?/J, respectively, which gives a k
ratio of 16.61. Upon implementing the obtained k ratio, the UV rate
constants of coronaviruses in air were estimated to be 0.4958 m?2/J
(SARS-CoV-2) and 0.3942 m2/J (SARS-CoV). The estimation is close to
the average k value (0.459 m?/J) for coronaviruses in air (MHV coro-
navirus, HCoV-229E, and HCoV-OC43) (Table 1), which elucidates the
applicability of the estimation method.

3. In-duct UVGI system applications

3.1. In-duct UVGI system designs in literature and disinfection
performance

This paper summarizes most of the in-duct UVGI system designs and
the reported UV doses in the literature (Table 2). Furthermore, for
COVID-19 mitigation, the estimated CoV UV rate constants (Section 2.2)
were incorporated with the case-specific UV dose to evaluate the coro-
navirus disinfection by current in-duct UVGI system designs.

Twenty-four different designs are listed in Table 2. Among them, the
U.S. Environmental Protection Agency (EPA) conducts a series of real-
life in-duct UVGI investigations with various lamp arrangements,
which are essential guidelines for in-duct UVGI system designs. The
reported UV dose range covers from 2.47 to 423.42 J/m?, which cor-
responds to disinfection efficacies of 70.61%-100.00% and 62.23%-—
100.00% for SARS-CoV-2 and SARS-CoV, respectively. For a proper
UVGI system with the capability to inactivate 99% SARS-CoV-2 in air
during the COVID-19 pandemic, in-duct UVGI systems #1, #4, #5, and
#7 may be considered. For instance, a system using six lamps with
aluminum foil-lined ducts following Design #4 [32] provides a UV dose
of 198.26 J/m?2. Most other systems provide sufficient UV doses for 90%
SARS-CoV-2 inactivation, except for Designs #11, #13, and #14, in
which because of the high airflow velocities (6, 5, and 6.5 m/s), the
exposure time was shortened and the lamp output was decreased
(wind-chill impact). Further, the HVAC operating conditions are taken
into consideration, with reports that 30 °C and 1 m/s lead to the highest
UV doses (133.74 and 110.21 J/m? for four lamps perpendicular or
parallel to the airflow), while 10 °C and 3 m/s result in 44.58 and 36.74
J/m? for perpendicular or parallel directions owing to the over-cooling
of UV lamps [67]. Overall, an appropriate in-duct UVGI system design
should provide an average UV dose of at least 4.64 J/m? and 5.84 J/m?
for 90% SARS-CoV-2 and SARS-CoV inactivation. Thus, more powerful
lamps or a slower airflow are required to increase the UV dose in the
ductwork.
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3.2. In-duct UVGI system modeling

3.2.1. Optimization of the in-duct UVGI system using CFD simulation

Computational fluid dynamics (CFD) simulation of the in-duct UVGI
system has gained popularity in recent years owing to its ability to
simulate complex in-duct airflows, providing a microscopic view of the
fluid/thermal physical phenomenon and detailed information on the
physics quantity field [70]. Radiative and airborne microorganism
transport are the two major concerns in the in-duct UVGI air sterilization
system simulation.

In general, the radiative transfer equation (RTE), which considers
varying isothermal conditions, such as absorption, reflection, and
refraction, is established to compute the irradiance field of the duct.
Commonly used models include the P1 model [71], surface-to-surface
model (S2S) [72], and the discrete ordinates (DO) model [71,73-76].
As for airborne microorganism transport, CFD simulation with the
discrete phase model (DPM), which solves the particle trajectory based
on Newton’s second law and accounts for gravity, drag force, and mo-
mentum coupling between the particle and the fluid, is commonly used
[77]. By solving the DPM equations along with the velocity vector of air,
the motions of airborne organisms can be tracked, and the spatial and
temporal concentrations (number of particles in each computational cell
at any time t) can be determined. By further combining the UV irradi-
ance field with the bioaerosol trajectories, the cumulative UV dose of
individual particles and the average UV dose (standard deviation) of the
system can be computed.

The average UV doses (standard deviations) and dose distributions
are the critical indices that CFD simulations provide for UVGI system
evaluation. CFD has been successfully applied in the literature to pro-
vide an accurate overall average UV dose for a system. For instance, the
EPA 600/R-06/050 test experimentally rated the performance of a
single-lamp UV system of 2.47 J/m? (Design #2 in Table 2) from
B. atrophaeus. However, CFD simulation shows that the average UV dose
should be 10.97 J/m?, a more accurate dose value that gives closer
disinfection efficacy for MS2 with the experimental results [78]. In the
same manner, the average UV dose for EPA 600/R-06/051 (Table 2) was
corrected from 2.95 to 18 [10], 18.3 [79] and 18.45 J/m? [78] using
CFD simulations. The UV dose differences in the three simulation results
are attributed to the particle trajectories within the system, the 25% or
15% diffusive wall reflectivity used, and the different particle charac-
teristics. In addition, the impact of varying particle sizes (ranging from 1
x10%t01 x 10*mand 3 x 1077 to 3 x 10~® m) on the UV dose was
observed by the 0.25% reduced sterilization performance, which was
reasonable as the particle’s surface area and the UV dose slightly
reduced with particle diameter [80]. In addition to estimating the
average UV dose of a UVGI system, the CFD simulation with the DPM
can reveal the cumulative UV dose distribution with respect to particle
counts and the standard deviation of the system average UV dose, which
is particularly important from the perspective of inactivating an indi-
vidual microorganism. For instance, a study shows that an arrangement
of four vertical lamps has an average UV dose and standard deviation of
18.3 and 4.17 J/m? [79]. In reality, the overdosed UV irradiance on one
particle will not transfer to and average with other underexposed par-
ticles, resulting in the wasted energy input for the overdosed bioaerosols
and insufficient characterization of a system with the average UV dose.
Furthermore, research shows that a system with the highest average UV
dose (regardless of the standard deviation) performs better on a strongly
resistant microorganism. In contrast, for a weak microorganism, a sys-
tem with a more evenly distributed UV dose (lower standard deviation)
is needed, even with a lower average UV dose [81].

With the provided accurate average UV dose and standard deviation
along with its advantages in terms of cost and time compared to
experimental investigations, the CFD analysis was applied to conduct
the parametric studies and UVGI system design optimizations. For
instance, the three-lamp array optimization was conducted in six ar-
rangements (see Supplementary Material Fig. S1), which resulted in
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Table 2
In-duct UVGI system designs in literature and the estimated coronavirus inactivation efficiencies.
Design details Reported Estimated inactivation
- ) - A inactivation efficiency (log reduction)
Design No. Duct sizeW x H  Lamp arrangement (lamp Power UV dose Airflow Environmental .. . o
A N 5 . efficiency in in this study
x L(m x m x numbers, direction) w) (J/m?) (m/s) conditions literature
m) SARS-CoV- SARS-CoV
2

#1 (EPA 600/ 0.61 x 0.61 x 121’, reflective duct 720 76.51 2.5 23.2-24.1°C MS2 98% ~100%* ~100%
R-06/049) 4.6" material (16.47) (13.10)
[29]

#2 (EPA 600/ 1, perpendicular 58 2.47 22.7-229°C 39% 70.61% 62.23%
R-06/050) (0.53) (0.42)
[30]

#3 (EPA 600/ 4, perpendicular 100 2.95 23-23.2°C 46% 76.84% 68.74%
R-06/051) (0.64) (0.51)
[31]

#4 (EPA 600/ 6, perpendicular®, 420 198.26 25.3-25.8 °C 99% ~100% ~100%
R-06/052) reflective (42.69) (33.94)
[32]

#5 (EPA 600/ 5, parallel 1100 164.39 24.4-24.8 °C 99% ~100% ~100%
R-06/053) (35.40) (28.14)
[33]

#6 (EPA 600/ 4, perpendicular 240 5.82 23-23.2°C 75% 94.42% 89.92%
R-06/054) (1.25) (0.99)
[34]

#7 (EPA 600/ 0.3 x 0.3 x 4.6" 6, parallel, reflective 750 423.42 1.56 21.2-24.1 °C 100% ~100% ~100%
R-06/084) (91.17) (72.49)
[35]

#8 (EPA 600/ 0.61 x 0.61 x 12, pulsed, perpendicular 7020 4.47 2.72 23.6-25.2°C 59% 89.10% 82.83%
R-06/085) 4.6 (0.96) (0.77)
[36]

#9 [19] 0.2 x 0.2 x 1.4 1, perpendicular 9 7.35 3 23 °C, 55% SM 97.39% 94.48%

(99.925%); (1.58) (1.26)
PA
(99.909%);
EC
(98.168%);
SE1
(93.607%);
SE2
(92.935%)
#10 [19] 4.90 4.5 - 91.19% 85.51%
(1.06) (0.84)
#11 [19] 3.68 6 - 83.83% 76.51%
(0.79) (0.63)
#12 [24] 0.2 x 0.2 x 1.4 1, perpendicular 9 6.52 3 20 °C, 50% SE2 96.05% 92.35%
(81.73%); PA (1.40) (1.12)
(99.75%); EC
(95.92%)
#13 [24] 3.91 5 - 85.62% 78.61%
(0.84) (0.67)
#14 [24] 3.01 6.5 - 77.52% 69.47%
(0.65) (0.52)
#15 [67] 0.61 x 0.61 x 4, perpendicular 240 66.87 2 20°C - ~100% ~100%
2.74 (14.40) (11.45)
#16 [67] 44.58 3 10°C - ~100% ~100%
(9.60) (7.63)
#17 [67] 133.74 1 30°C - ~100% ~100%
(28.80) (22.90)
#18 [67] 4, parallel 55.11 2 20°C - ~100% ~100%
(11.87) (9.43)
#19 [67] 36.74 3 10°C - ~100% ~100%
(7.91) (6.29)
#20 [67] 110.21 1 30°C - ~100% ~100%
(23.73) (18.87)
#21 [68] 0.64 x 0.64 x 4, parallel 240 6.30 0.93 22.7 °C; 31% MS2 95.60% 91.65%
2.44 (99.21%); BB (1.36) (1.08)
(99.94%); FH
(43.77%); CD
(96.84%)
#22 [25] 0.61 x 0.61 x 1, perpendicular 145 13.41 1.27 24 °C, 50% SM (99%); SE 99.87% 99.49%
3.54 (81%); (2.89) (2.30)
#23 [25] 3, perpendicular 435 31.97 BS (50.5%); ~100% ~100%
AV (10.5%); (6.88) (5.47)
PC (0.5%); CS
(9.5%)
#24 [25] 6, perpendicular 870 75.09

(continued on next page)
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Design details

Reported Estimated inactivation

inactivation efficiency (log reduction)

Design No. Duct sizeW x H  Lamp arrangement (lamp Power UV dose Airflow Environmental - . . .
A N > . efficiency in in this study
x L (m x m x numbers, direction) w) (J/m*) (m/s) conditions literature
m) SARS-CoV- SARS-CoV
2
BS (85%); AV ~100% ~100%
(74.5%); PC (16.17) (12.86)

(13.5%); CS
(16%)

SM: S.marcescens; PA: P.alcaligenes; SE1: S.enterrica; SE2: S.epidermidis; EC: E.coli; BB: B.broncbiseptica; FH: feline herpesvirus-1; CD: canine distemper virus; BS:
Bacillus subtilis; AV: Aspergillus versicolor; PC: Penicillum chrysogenum; CS: Cladosporium sphaerospermum.

# Duct length estimated by ASHRAE standard 52.2 [69].

b Lamp arrangement details in Ref. [29].

¢ Lamp arrangement details in Ref. [32].

4 For inactivation efficiency greater than 99.995%, we present “~100%*.

average UV doses (standard deviations) of 28.33 (10.06), 28.21 (5.39),
27.91 (16.32), 30.18 (12.60), 26.45 (5.37) and 31.05 J/m? (5.45 J/mz),
respectively [81]. From a UVGI system design perspective, a higher
average UV dose and a single sharp peak (lower UV dose standard de-
viation) with all particles receiving the required UV dose is expected
[78,79,81]. Thus, the lamp array with all three lamps located at the
center of the duct and distributed across its height provides the best
performance (average UV dose of 31.05 J/m? and standard deviation of
5.45 J/m?). In addition to the lamp array arrangements, other design
parameters, such as the number of lamps, lamp orientations, and duct
materials, are numerically evaluated, and the corresponding design
suggestions are presented in Table 3.

3.2.2. Energy simulation of the in-duct UVGI system

In the literature, the inactivation effectiveness of UVGI systems has
been extensively studied, while energy and cost discussions are rarely
reported. The air temperature, air velocity, relative humidity, device
geometry, and lamp characteristics (power, geometry, and wavelength)
are critical for characterizing the UV inactivation efficiency and energy
consumption. Previous research has addressed the energy simulation
and life-cost analysis of an in-duct UVGI system from the perspective of
lamp output, meteorological climate (cold, hot, and warm climate
zones), and installation locations (downstream and upstream of the
cooling coil for the conditioned supply air and unconditioned mixed air)
[17,18,83]. The results show that installing the lamps downstream from
the cooling coil (supply air) led to a stable air temperature and stable
energy consumption for all three climate zones. However, the condi-
tioned air after the cooling coil also results in a lower lamp surface
temperature and lower lamp output, leading to higher costs than the
installation upstream of the cooling coil. Meanwhile, owing to the mixed
outdoor air and recirculating air, the energy consumption of the UVGI
system located upstream of the cooling coil is highly dependent on the
meteorological climate. For instance, New York requires much higher
lamp input power and energy consumption during the winter because of
the low outdoor temperature and low lamp output. In contrast, the mild
climate in Los Angeles leads to low energy consumption due to the
narrow range of lamp output, which allows the operational inactivation
efficiency to be very close to its design value [83].

Despite the insights of meteorological climate and installation locations
on the UVGI system energy consumption, the previous work neglects hu-
midity. It adopted 0.35 m2/J as the S. aureus UV rate constant, obtained
under saturated environmental conditions (T = 22.5 °C and RH = 95%)
[84]. Thus, significant deviations are expected owing to the incomparable

humidity conditions. In this paper, the effect of humidity on the UV rate
constant is incorporated to illustrate the energy consumption for all three
operational factors (air temperature, velocity, and humidity) for the UVGI
system installation downstream from the cooling coil (supply air). For this
purpose, an empirical correlation between the humidity ratio and UV rate
constant for airborne S. aureus was extracted in the literature [85]:

UVsusceptibility=0.0609 x humidityratio**"" (R*=0.9919)

17.625T,,
6109.4% R, x RH% < exp (fm&)
amb N

17.625T,
R, (PdaJr(RH%fl) %6.1094 x exp <%)>
amb B

)

humidityratio (g/kg> =

where Ry, and Ry are the specific gas constants of dry air and water
vapor, and Py, is the pressure of dry air (assuming 101.325 kPa as the
international standard atmosphere at the standard sea-level, 15 °C). Eq.
(7) is then applied in Sharp’s study [84] to obtain the UV rate constants
under different humidity conditions. As the reference UV rate constants
are known (0.35 m2/J compared to the 0.01976 m2/J computed from
Eq. (7) under the same environmental conditions, T = 22.5 °C and RH =
95%), the scaling factor is computed (17.71), and the UV rate constants
under different average monthly environmental conditions can be scaled
accordingly:

UVsusceptibility = 1.079

—0.407
6109.4 x Ry, x RH% x exp <%)

Tomp 128304
X

(8

R, <Pda + (RH% — 1) x 6.1094 x exp <%>>

For the expected 85% inactivation efficiency, the required lamp
power input is obtained by scaling the given lamp power and emitted
fluence rate relationship from the original paper [83] as:

Fluence rate UV dose
9.05 " Lamp output x exposure time x 9.05

- —In(0.15)
" k x Lamp output x exposure time x 9.05

Input power =

©)

By implementing the UV rate constant (Eq. (8)), lamp output (type 1
cross-flow [23]), and exposure time ([83]) into Eq. (9), the lamp power
input P (W) can be written as:
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—0.407
17.625T,
6109.4R 4qRH %exp (W)

17.625T,
Ry (Pd(,+(RH”/n—l)><6.]094 exp <Tm+lgj;jg4

By further multiplying the working hours, the lamp energy con-
sumption can be estimated as a function of the three operational pa-
rameters (T, U, and RH). Thus, the variance-based global sensitivity
analysis (Sobol method) is used to evaluate the influence of each
parameter contributing to the variations in P. Next, the total-order index
(ST), which measures both the direct and indirect contributions of each
parameter to the final output variance and its confidence level, are
computed and tabulated in Table 4. Furthermore, to better illustrate the
direct effect of individual parameters on the overall energy consump-
tion, the monthly energy variation ratios (monthly energy consumption
divided by the worst month’s energy consumption) were calculated
while keeping the other two parameters constant (yearly average
values). The results are shown in Fig. 3.

Owing to small variations in the temperature at the air supply lo-
cations, the temperature has only 0.0298-0.0615 total-order indices
among all three climates, which indicates the weak influence of varying
temperature on the lamp power input requirement. Over a single year,
summer was found to have a lower energy consumption than winter
(Fig. 3), which is attributed to the higher air temperature and thus
higher lamp output. Air velocity is the dominant parameter in defining
the power input, and in contrast to the trend of air temperature, summer
reports much higher energy consumption than winter among all three
cities. This finding is reasonable as the air velocity affects both the lamp

(10)

)) (5.79 4 5.56 T,y — 20.3U — 0.070172,, + 4.01U?)

output ratio and the exposure time of the microorganisms. In other
words, owing to the large conditioning capacity required in the summer,
the increased air velocity decreases the lamp output and shortens the
exposure time, thus demanding higher lamp power. Humidity imposes a
varying influence from negligible to moderate across different climate
zones. For a hot and humid climate (Houston), humidity is high and
almost constant; thus, a negligible seasonal difference is observed. In
contrast, in a mildly warm climate (Los Angeles), 15% humidity varia-
tion has a significant impact on the lamp input power compared to the
other two locations. Analogous to air velocity, the higher humidity ratio
in summer results in a lower UV rate constant, and thus higher energy
consumption. The confidence levels were very small (Table 4), indi-
cating sufficient data samples for a sensitivity analysis. Because the
relative humidity is identified as a non-negligible environmental factor,
previous works that neglect humidity gave incorrect estimations. Thus,
in this paper, the humidity-amended UV rate constants are incorporated,
and the newly predicted monthly energy consumption and variation
ratios are presented in Supplementary Material Table S4 and Fig. 4,
respectively.

The total energy consumption of the three cities was similar because
of the similar supply air condition requirements. Analogous to Fig. 3,
July has the highest energy consumption throughout the year. This is
attributed to the higher moisture that lowers the UV rate constant, even
though a higher lamp output is reached under the optimal air

Table 3
In-duct UVGI system design suggestions from the literature data.
Paper  Ductsize W x H  Lamp arrangement (lamp numbers, Average UV dose (standard ~ Conclusions
x L(m xm x direction) deviation) (J/m2)
m)
[23] 0.61 x 0.61 x 4, perpendicular 53.19-6479.66 1. Without considering the thermal effect on the lamp output, placing UV
2.74 lamps in a crossflow gives higher UV irradiance.

4, parallel 121.30-3732.26 2. Considering the wind chill effects, arranging lamps in parallel flow
provides a higher average irradiance for a system with lower temperature
and higher airflow.

[81] 0.61 x 0.61 x 1, perpendicular, 6 locations in the 7.87-9.51 1. Placing the UV lamp at the duct center (height and length) provides the
1.83 duct best average UV dose.

2. Lamp locates at the beginning of the duct performs better than locates
at the end of the duct.

1, center of the duct, perpendicular 10.97 (4.39) 3. Lamp locates parallel to the airflow provides higher average UV dose.

1, center of the duct, parallel 17.36 (16.27) 4. Higher standard deviation of the UV dose is observed for parallel
scenario, indicating some particles receive a considerably lower UV dose
than the average of the system.

3 lamps, perpendicular 28.33 (10.06) 5. The best performance is achieved by locating all three lamps at the

(arrangements see Supplementary 28.21 (5.39) center of the duct and distributed across the height of the duct.

Material Fig. S1) 27.91 (16.32) 6. The more even the UV dose distribution is, the more efficient the

30.18 (12.60) system is.
26.45 (5.37) 7. Increasing the lamp numbers increases the UV dose distribution
31.05 (5.45) uniformity and indicates better energy usage.
[79] 0.61 x 0.61 x 4, perpendicular 18.3 (4.17) 1. UV dose distribution non-uniformity (UV dose standard deviation)
1.83 4, 30° perpendicular 18.49 (4.60) increases when changing the lamp array configuration from vertical to
4, 60° perpendicular 19.12 (6.75) horizontal.
4, parallel 18.39 (7.89)
[82] 0.02 x 0.02 x 48 LEDs (at the floor and ceiling of the - 1. The use of highly reflective surfaces significantly increases microbial
0.12 duct) inactivation and minimizes the impact of LED positions on inactivation
72 LEDs (at the floor and ceiling of the levels.
duct) 2. Four wall reflection results in higher inactivation rates than solely side-

side or top-bottom surface reflection.
3. The number of LEDs controls the maximum inactivation level when
there are more than three reflection walls.
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Sensitivity analysis of the lamp power input with respect to the influence of air temperature, air velocity and relative humidity.

City T (°C) U (m/s) RH Total-order index (confidence level)

T 18} RH
New York 9.68-10.45 1.50-1.89 0.57-0.67 0.0599 (6.16 x 10~%) 0.9016 (7.51 x 107%) 0.0398 (3.99 x 1079
Houston 10.06-10.62 1.55-1.91 0.73-0.77 0.0382 (4.21 x 1074 0.9566 (7.54 x 107°) 0.0058 (5.82 x 107°)
Los Angeles 10.17-10.46 1.71-1.90 0.56-0.71 0.0291 (3.31 x 10°%) 0.6614 (5.68 x 107°) 0.3101 (3.36 x 107%)
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Fig. 3. Direct effect of air temperature, air velocity and relative humidity
on the monthly energy consumption variation ratios across three
climate zones.

temperature and velocity. As shown in Supplementary Material
Table S4, the humidity-amended energy consumption decreases because
the reported UV rate constant for S. aureus in a saturated environment
(RH = 95%) is lower than that in the real conditioned supply air.
Comparing the monthly energy consumption variation ratio, the effects
of humidity vary from climate to climate, and the trend agrees with the
sensitivity analysis. New York, Houston, and Los Angeles show weak,
negligible, and moderate influences from the humidity-amended UV
rate constants. Particularly during the winter season, the humidity is
relatively low with a high UV rate constant, which compensates for the
low lamp output and has the minimum energy consumption.

Overall, air velocity was the dominant factor affecting the UVGI
system energy consumption in terms of lamp output and exposure time.
Relative humidity influences the UV rate constant; thus, it plays a sig-
nificant role in determining UVGI inactivation and energy consumption
performance. Meanwhile, the low-pressure mercury lamps used in pre-
vious studies may lead to high replacement capital. Thus, further studies

are required to employ UV-LEDs and explore the effect of humidity on
the energy consumption of the UVGI system.

3.3. Inactivation performance and energy consumption predictions of in-
duct UVGI systems for mitigating COVID-19 transmission

To evaluate the current in-duct UVGI system design strategies (from
EPA studies) on COVID-19 mitigation, this review incorporates the lamp
output characteristics and SARS-CoV-2 UV rate constants to calculate
each design’s inactivation efficiency and minimal lamp requirements to
maintain 99% inactivation efficiency. The seasonal climates of interest
are defined as summer and winter, with each season lasting six months.
The full air recirculation scenario was considered in this review to
evaluate the worst virus transmission cases. Therefore, the environ-
mental conditions in an HVAC system are defined to be the same as those
in an indoor environment. That is to say, maintaining the indoor tem-
perature in the range of 23-26 °C (below 60% RH) and 20-23.5 °C

(20%-30% RH) for the cities in North America during the summer and
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Fig. 4. Comparison of monthly energy consumption variation ratios be-
tween the original and humidity amended UV rate constant.
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winter seasons, respectively [86,87]. Thus, in this review, the temper-
ature and RH were set as 24.5 °C (60% RH) and 21.7 °C (25% RH) for
summer and winter, respectively. With the environmental conditions
known, the SARS-CoV-2 UV rate constant correlation is introduced as:

ksars—cov—2=C1 X Cy X humidity ratio®
~0.554

6109.4 X Ryy x RH% x exp (%

=0.499x3.189 x

R, (Pda +(RH%—1)x6.1094 x exp (7”-“25“'% > )

Tamp+243.04

(1)
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RH = 50%) between SARS-CoV-2 and MS2. Thus, the estimated UV sus-
ceptibilities of SARS-CoV-2 during the summer and winter seasons were
0.4124 m?/J and 0.7328 m?/J. The variations compared to the reference k
value are due to temperature and humidity effects. Upon implementing the
obtained UV rate constants in the reported UV dose for each design, the
expected SARS-CoV-2 inactivation efficiencies were computed (Table 5). It
has been shown that some designs impose significant waste of UV dose
(energy), while others provide insufficient UV dose for 99% SARS-CoV-2
inactivation. Thus, assuming a linear proportional relationship between
the number of lamps and the contribution to the overall UV dose in the
system, suggestions for sufficient UV lamps in each design to provide the

required UV dose are introduced and are tabulated in Table 5. Furthermore,
recalling that the lamp output differs for the average summer and winter
seasons with the reported design environmental conditions, the lamp sur-
face temperature is computed by rearranging Egs. (2)-(6) as follows:

where C,waterconcentration® is the UV rate constant and humidity
correlation obtained from MS2 [88] due to the lack of humidity de-
pendency of the airborne SARS-CoV-2 UV rate constant, and C; is the
scaling factor to correlate the different reference k values (T = 22 °C and

For cylinder lamp forced convection :

0.62Re%Pr'/3

1 Re 5/8-4/5 )
Liamp | Ty = Tam
04 /Pr) (0.4/Pr)(0.4/Pr)z/3)1/4[ + (282000> } } L, p< b)

€67 D pampLiamp [(Ty + 273)* — (T + 273)"]

Qo = 0.3 +

(12a)

Table 5
Design and energy consumption predictions of in-duct UVGI systems in literature for 99% SARS-CoV-2 inactivation (required UV dose: 11.17 J/m? for summer and
6.29 J/m? for winter).

Original design (from EPA reports) New design suggestions

Design details UV dose Inactivation Design UV dose” Inactivation Energy consumption (kW h)
(J/m?) efﬁmel:lcy (log (J/m?) efﬁc1e1jncy (log Summer  Winter Vear
reduction) reduction)
#1 (EPA 600/ 12 lamps (each 60W), 76.51 ~100%"° (13.82) 2 lamps 12.75 99.50% (2.30) 525.6 525.6 1051.2
R-06/049)" reflective duct material (summer) (summer)
[29] ~100% (24.19) 99.99% (4.03)
(winter) (winter)
#2 (EPA 600/ 1 lamp (58W), 2.47 65.25% (0.45) 5 lamps 12.14 99.36% (2.19) 1270.2 762.12 2032.32
R-06/050) perpendicular (summer) (summer) (summer) (summer)
[30] 76.38% (0.78) 3 lamps 7.49 99.57% (2.37)
(winter) (winter) (winter) (winter)
#3 (EPA 600/ 4 lamps (each 25W), 2.95 71.70% (0.53) 15 lamps 11.30 99.09% (2.04) 1462.5 985.5 2448
R-06/051) perpendicular (summer) (summer) (summer) (summer)
[31] 82.16% (0.93) 9 lamps 6.48 99.11% (2.05)
(winter) (winter) (winter) (winter)
#4 (EPA 600/ 6 lamps (each 70W), 198.26 ~100% (35.80) 1 lamp 33.70 ~100% (6.09) 306.6 306.6 613.2
R-06/052) perpendicular, reflective (summer) (summer) (summer)
[32] ~100% (62.69) 34.71 ~100% (10.98)
(winter) (winter) (winter)
#5 (EPA 600/ 5 lamps (each 220W), 164.39 ~100% (29.69) 1 lamp 32.88 ~100% (5.94) 963.6 963.6 1927.2
R-06/053)" parallel (summer) (summer)
[33] ~100% (51.98) ~100% (10.40)
(winter) (winter)
#6 (EPA 600/ 4 lamps (each 60W), 5.82 91.71% (1.05) 8 lamps 11.48 99.15% (2.07) 2102.4 1314 3416.4
R-06/054) perpendicular (summer) (summer) (summer) (summer)
[34] 96.66% (1.84) 5 lamps 7.38 99.54% (2.33)
(winter) (winter) (winter) (winter)
#7 (EPA 600/ 6 lamps (each 125W), 423.42 ~100% (76.46) 1 lamp 70.57 ~100% (12.74) 547.5 547.5 1095
R-06/084)" parallel, reflective (summer) (summer)
[35] ~100% (133.89) ~100% (22.31)
(winter) (winter)
#8 (EPA 600/ 12 pulsed lamps (each 4.47 85.23% (0.81) 30 lamps 11.18 99.01% (2.00) 76,869 43559.1  120428.1
R-06/085)" 585W), perpendicular (summer) (summer) (summer) (summer)
[36] 92.66% (1.41) 17 lamps 6.33 99.00% (2.00)
(winter) (winter) (winter) (winter)

@ The UV dose for 99% inactivation is not corrected by the lamp output for summer and winter weather due to the lack of a heat transfer model for other lamp airflow
facing scenarios.

b Summer and winter UV doses are different due to the consideration of different lamp output for summer and winter HVAC operating conditions (050, 051, 054,
085: cylinder lamp forced convection).

¢ For inactivation efficiency greater than 99.995%, we present “~100%".
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For twin — tubes lamp forced convection :
Quoat = [0.27Pr* V"R [ kAL gy (T, —

Solving Egs. (12a) and (12b) iteratively to calculate the case-specific
average lamp surface temperature, the lamp output is then extracted
using the manufacturer’s datasheet (assuming all the lamps follow the
lamp performance curve provided by Philips [22]) as follows:

UVCoutput(%) =—0.003T>+0.1955T% —0.7163T,+9.7343 ForT, <42.5°C
UVCoutput(%)=—1.1784T+151.86 ForT,>42.5°C
(13)

Finally, the UV doses of the suggested designs are scaled from the
original design by considering the operating conditions:

Lamp number
D(Tump, U, RH) = | Dyesign X

Lamp number egign

UVC output(T yp,, U, lamp shape, lamp power)| [k(T oy, RH)] [ Udesign
UVC output jegign U
(14)

A schematic of the UV dose calculation in a ventilation duct is shown
in Fig. 5. The inactivation efficiencies and energy consumptions for the
design suggestions are listed in Table 5. Significant differences were
predicted for energy consumption for different UVGI system designs.
Designs #1, #4, and #7 are the most energy-efficient designs from the
perspective of energy saving, consuming 1051.2, 613.2, and 1095 kWh
per year, respectively, for a minimum of 99% SARS-CoV-2 inactivation.
One primary reason for this is the reflective materials used in the UVGI
system designs. Among the three designs, Designs #4 and #7 are
particularly efficient. They provide a much higher UV dose than the
system requires, compared to the mere 99% inactivation efficiency in
Design #1, making them more reliable for disinfecting other microor-
ganisms with higher UV resistance. Designs #2 and #5 report moderate
energy consumption as they use less reflective wall materials. Further-
more, Design #5 mounts five UV lamps compactly on a parabolic
reflector, in which some UV irradiance can be wasted on the reflectors.
Designs #3 and #6 consume much more energy because none of them

kde:ign

Tamb) + EG”Dlamleamp [(Ts + 273)4 - (Tamb + 273)4}

DO,

o NurkeA(T,-T,,,)

17.625T,

6109.4xR,, xRH%xexp[

" T, +243.04

SARS-Col’-2

=1.591x

17,6257,
Py, +(RH%1)x6.1094 x exp| 02 awn_
R\ Faa+ (RE%=1)x XEXP[T +243.o4]]

amb

amb

0554
- ] Dose(T, ;U,RH):{Dosedmg”

Building and Environment 197 (2021) 107852

(12b)

applied reflective wall materials or mirror-like duct walls, whereas
Design #8 consumes significant energy because of the pulsed UV lights
used, and it is beyond the scope of this comparison. Furthermore, energy
savings are achieved by considering the effects of operational factors on
the lamp output. Design #3 originally requires 16 lamps to provide a UV
dose of 11.8 J/m? for 99.26% inactivation during the summer. However,
due to the higher lamp output in the summer season (24.5 °C) than that
in the original study’s experimental condition (23.1 °C), 15 lamps are
found to provide sufficient UV dose (11.3 J, /m?) for 99.09% inactivation,
which saves 109.5 kWh of energy for the summer season. Finally, it
should be noted that the energy consumption predictions in this paper
suffer from the linear relationship assumption between the lamp power
input and the contributed UV dose in the duct, which neglects the effects
of humidity on the radiation transport. Further radiation transport
simulation studies are needed to correlate the lamp power input and UV
dose in the duct accurately.

4. Conclusions

This paper summarizes four key aspects of designing an in-duct UVGI
system: germicidal source output, UV rate constant, system inactivation
efficiency, and system energy consumption. The critical technical pa-
rameters defining the above aspects are air temperature, air velocity,
and relative humidity. The complex interactions between the design
elements and operational parameters were elucidated and discussed
throughout this review. The conclusions are summarized below.

e The lamp working mechanisms, lamp outputs, and corresponding UV
rate constants differ significantly between conventional mercury-
based UV lamps and UV-LEDs. For low-pressure mercury UV
lamps, air velocity and air temperature critically affect the lamp
output owing to the wind-chill effect. This paper introduces a
dimensionless parameter r for generally correlating lamp charac-
teristics and wind-chill impact on the heat transfer model base and

Lamp number :|
x

Lamp number,,,,

UVC output(T,,,,U lamp shape,lamp power) || k(T,,,.RH) |[ U,
UVC output, k, U

design destgn

Fig. 5. Schematic diagram of the UV dose calculation in ventilation ducts.
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empirical lamp output correlations in the literature. For UV-LEDs,
limited conclusions have been drawn owing to the early stage of
the investigations. More UV-LED research is expected, particularly
targeting the unsolved issues of determining the wavelength-
dependent airborne microorganism UV rate constant, improving
the LED lamp power output, and evaluating UV-LED performance for
in-duct applications.

The UV rate constant is a species-dependent property of microor-
ganisms upon UV irradiation. Although humidity has long been
identified as a critical parameter affecting the UV rate constant, no
general conclusion has been drawn due to the mixed influence re-
ported in the literature. Radiation attenuation due to water layer
absorption and UV light scattering of hygroscopic particles are the
two potential reasons for the UV rate constant variations. However,
further studies are needed to quantify these effects on microorganism
disinfection.

In this review, various in-duct UVGI system designs are summarized
with the reported UV dose and overall system inactivation efficiency
tabulated (Table 2). Further, the UVGI system design optimizations
from the simulation results are presented in Table 3. The UV dose
distribution in particle counts obtained by CFD simulations provides
insight into the inactivation of individual bioaerosols. There is some
degree of uncertainty about using the system’s overall average UV
dose to evaluate the inactivation efficiency owing to the presence of
overdosed and underexposed particles. This observation highlights
the need to consider the individual particle inactivation performance
in addition to the overall system disinfection evaluation.

In-duct UVGI system energy consumption predictions are discussed
using the lamp output, meteorological climate, and installation lo-
cations in the HVAC system [17,18,83]. Based on previous studies,
this paper introduces the humidity-amended UV rate constants and
evaluates the corresponding energy consumptions under the
monthly average environmental conditions for three meteorological
climates. However, only the effect of humidity on the UV rate con-
stant is quantified, but the influence of humidity on radiation
transport and humidifier energy consumption is not discussed, which
requires further study.

Ultimately, to mitigate the COVID-19 transmission, this paper sum-
marizes the in-duct UVGI designs in the literature and predicts their
SARS-CoV-2 inactivation efficiencies (Tables 2 and 5) and energy
consumption (Table 5). Two energy-efficient UVGI system designs
(Designs #4 and #7) are identified as references for the UVGI design
during the COVID-19 pandemic.
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